Abstract. The thermodynamic properties of the metal thin film with face-centered
I. INTRODUCTION
Materials in the form of thin films have become quite interesting for recent years. They have been found to show different physical, chemical, and mechanical properties from the corresponding bulk materials [1, 2] . Properties, limitations and advantages obtained on thin films geometry have been widely studied, and they were found to depend on different factors: structure, size, film thickness, different substrates, ... [2, 3] . Thin films are used in a vast range of applications such as microelectromechanical and nanoelectromechanical systems [4] , sensors and electronic textiles [5] , ...
Metal thin film is a common geometry and presents enormous scientific interests, mainly due to their attractive novel properties for technological applications [4, 5] . In the early of the twentieth century, the theory of size-dependent effects in metal thin layers was further developed by various scientists [3] . For ultrathin metal layers both surface effects and quantum size effects must be considered [6] . A large number of experimental and theoretical studies have been carried out on thermal behavior of metal and nonmetal thin films [7, 8] .
Most of the previous theoretical studies, however, are concerned with the materials properties of metal thin film at low temperature, and temperature dependence of the thermodynamic quantities has not been studied in detail. The purpose of the present article is to investigate the temperature dependence and the thickness dependence of the thermodynamic properties of metal thin film with face-centered cubic structure using the analytic statistical moment method (SM M ) [9, 10] . The thermodynamic quantities are derived from the Helmholtz free energy, and the explicit expressions of the thermal lattice expansion coefficient, specific heats at constant volume and those at the constant pressure C V and C p are presented taking into account the anharmonicity effects of the thermal lattice vibrations. In the present study, the influence of surface and size effects on the thermodynamic properties have also been studied. We have compared the results of the present calculations with those of the previous theoretical calculations as well as with the available experimental results.
II. THEORY

II.1. The anharmonic oscillations of the metal thin film
Let us consider a metal free thin film including n * layers with the film thickness d. Suppose that the thin film has been consisting of two surface layers atoms, two next surface layers atoms and (n*-4) internal layers atoms (F ig.1). First of all, we present the statistical moment method (SM M ) [9, 10] formulation for the displacement of the surface layers atom of the thin film < u ng i >, that is solution of equation
where
Here, k B is the Boltzmann constant, T is the absolute temperature, m 0 is the mass of atom at lattice node, ω ng is the frequency of lattice vibration of surface layers atoms; k ng ; γ 1ng ; γ 2ng ; γ ng are the parameters of crystal depending on the structure of crystal lattice and the interaction potential between atoms at node; φ ng i0 is the effective interatomic potential between 0 th and i th surface layers atom; u ix ; u iy ; u iz are the displacement of i th atom from equilibrium position on direction x, y, z respectively, and the subscript eq indicates evaluation at equilibrium.
In determining the atomic displacement < u ng i >, the symmetry property appropriate for cubic crystals is used
Then, the solutions of the nonlinear differential equation of Eq. (1) can be expanded in the power series of the supplemental force p as
Here, < u ng i > 0 is the average atomic displacement in the limit of zero of supplemental force p. Substituting the above solution of Eq. (6) into the original differential Eq. (1), one can get the coupled equations of the coefficients A 1 , A 2 , from which the solution of < u ng i > 0 is given as [9, 10] < u
with a ng η (η = 1, 2..., 6) are the values of parameters of crystal depending on the structure of crystal lattice [9, 10] .
A similar derivation can be also done for next surface layers atoms and internal layers atoms of thin film. Their displacements are a solution of equations
> dp
Thus, using the statistical moment method [9, 10] , we can get power moments of the atomic displacement, including the anharmonicity effects of thermal lattice vibrations.
II.2. Free energy of the metal thin film
In the present research, the influence of the size effect on thermodynamic properties of the metal thin film is studied by introducing the surface energy contribution in the free energy of the system atoms. Following exactly the general formula in the SMM formulation [9, 10] , one can get the free energy of the surface layers atoms as
The free energies of the next surface layers atoms and internal layers atoms have formula similar Eq. (11) and be noted Ψ ng1 ; Ψ tr , respectively.
The free energies in the harmonic approximation for surface layers, next surface layers atoms and internal layers atoms of thin film are given as
Let us consider the system N atoms consisting n * layers, the number atoms on each layer is the same as N L . ψ ng denotes the free energy of two surface layers atoms, ψ ng1 denotes the free energy of two next surface layers atoms and denotes the free energy of the (n * − 4) internal layers atoms. The number of internal layers atoms, next surface layers atoms, surface layers atoms are, respectively
The free energy of the system and of an atom is given by
Using thatā is the average nearest-neighbor distance,b is the average thickness of twolayers andā c is the average lattice constant respectively, we can easily calculated the relation
The thickness d of thin film can be given by
In Eq. (21), the average nearest-neighbor of surface layers atoms, next surface layers atoms and internal layers atoms in metal thin film at a given temperature T can be determined as
where a ng (0) ; a ng1 (0) ; a tr (0) denotes the nearest-neighbor at zero temperature of surface layers atoms, next surface layers atoms, internal layers atoms, respectively, which can be determined from experiment or from the minimum condition of the potential energy of the system. The average nearest-neighbor of thin film is determined as
Finally, we obtain the expression of the free energy through the number of layers as follows
II.3. Thermodynamic quantities of the metal thin film
The average thermal expansion coefficient of metal thin film can be calculated as follows
with
here, d ng , d ng1 are the surface layers and next surface layers thickness, respectively. With the aid of the free energy formula Ψ = E − T S, we can find the thermodynamic quantities of the system. The specific heats at constant volume C V is [9, 10]
where 
The specific heats at constant presure C p is [9, 10]
III. NUMERICAL RESULTS AND DISCUSSIONS
The expressions derived in previous section have been used to evaluate the thermodynamic properties of the metals thin film with face-centered cubic structure for Al, Au and Ag. We used the Lennard-Jones potential with the potential parameters D, m, n and r 0 in Table 1 φ
Using the effective pair potential of Eq. (32) and Eq. (15), it is straightforward to get the interaction energy u ng 0 , the quantity k ng , and the parameter γ ng , in the crystal as
] ( 
where are the structural sums for the given crystal. A similar derivation can be also done for next surface layers atoms and internal layers atoms of the system, we obtained values for u In Figs. 2-3 , we present the average lattice constant of Au metal thin film as a function of the thickness. It has been compared with those of gold sputtered on glass presented in [2] . We obtained results of average lattice constants for Ag and Al decrease also with increasing thickness. These results are in agreement with conclusions by Dibyendu Hazra [12] . Furthermore, we realize that: (i) The average lattice constant depends on the changing of absolute temperature and the thickness. At very low temperatures T < 90K, the average atomic displacements at the surface layers and next surface layers are very small. It leads to atomic distances at the internal layers are larger than those at the surface layers of the thin film, so the average lattice constant increasing with the thickness. When temperature increases, in temperature range 100K < T < 700K, the link forces acting on atoms at surface layers and next surface layers are smaller than those at internal layers (here we have considered to the surface effect -the defect atoms on surface layers and next surface layers of the thin films). The surface layers and next surface layers atoms fluctuate more strongly than the internal layers atoms leading to the atom-atom distance at external layers is larger than that of the internal layers. Therefore, the average lattice constants decrease with the increasing of thickness. These results are in agreement with the laws of other authors [2, 12] . (ii) When the thickness increases, the average lattice constants approach the bulk value. In Fig. 4 , we present the temperature dependence of the thermal expansion coefficients of metal thin film for Al. It can be seen that the thermal expansion coefficients increase with absolute temperature T . Our calculation results have been compared with the results presented in [13] for Al thin film, and Al bulk [14] showing the good agreement. In Fig. 5 , we also show the thickness dependence of the thermal expansion coefficients of thin film Au and Al. Our calculation results show that the thermal expansion coefficients for Au and Al decrease with increasing thickness. When the thickness increases then the thermal expansion coefficients approach the bulk value in agreement with the results presented in [14] . We also realize that the thermal expansion coefficients of metal thin film change with the fluctuation of absolute temperature and the thickness. In temperature range 100K < T < 700K, from Eq. (25), it can be seen that, the average thermal expansion coefficients decrease with the increasing of thickness. Our calculations results shown that the thermal expansion coefficients increase with absolute temperature T . These results are in good agreement with the results presented by O. Kraft and W. D. Nixx in [15] . In Figs. 6-7, we present the temperature dependence of the specific heats at constant volume and of the specific heats at constant pressure of metal thin film. At low temperature T < 300K, the specific heats at constant volume and the specific heats at constant pressure increase with the absolute temperature. At high temperatures, the volumetric heat capacities decrease less with the absolute temperature and reverse the pressure-specific heat capacities increase less with the absolute temperature. The rise and fall of the specific heats indicate the stronger anharmonicity contribution of the thermal lattice vibration at high temperature.
IV. CONCLUSIONS
We have presented the SM M formalism by using the Lennard-Jones interaction potentials, and investigated the thermodynamic properties of the Au, Ag and Al metals thin film. The SM M is simple and physically transparent, and thermodynamic quantities of metals thin film with F CC structures can be expressed in closed forms within the fourth order moment approximation of the atomic displacements. In general, we have obtained good agreement in the thermodynamic quantities between our theoretical calculations and other theoretical results, and experimental values.
